EP 0007207 ( 1) 

F0 1 D5/28-flHHfflS^«Br G05D 5/02- 

B65Bl3/0.U-i»8B21F-G01D5/3p- J 



-6- -BASXC .DOC. - ■ 



cation number: 



Office europeen des brevets 



^ °£3 ^ 

O 007 207 

A1 



EUROPEAN PATENT APPLICATION 



(?T) Application number: 79301288.1 
(22) Date of filing: 03.07.79 



(ST) Int. GL 3 : B 05 B 13/04 

B 05 B 12/00, C 23 C 7/00 
F 01 D 5/28, G 05 D 5/02 
G 01 D 5/30 



(So) Priority: 11.07.78 US 923693 



(43) Date of publication of application: 
23.01.80 Bulletin 80/2 

(w) Designated Contracting States: 
BE CH DE FR GB NL SE 



Applicant: TRW INC. 
One Space Park 

Redondo Beach California 90278(US} 

Inventor: Derkacs, Thomas 
6786 Seneca Drive 
May-field, Ohio 44143(US) 



DOC 



o 

N 

o 
o 



(72) Inventor: Fetheroff, Charles Walter 
30612 Ronald Drive 
Willowick, Ohio44094{US) 

(72) Inventor: Matay, Istvan Mihaly 
8943 State Road 
North Royalton, Ohio 44133(US) 

(72) Inventor: Toth, lstvan x Jozsef 
25869 Euclid-Chagrin Parkway 
Richmond Heights, Ohio 44143(US) 

(74) Representative: Abbie, Andrew Kenneth et al, 
A.A. Thornton 8t Co 303-306 High Holborn 
London WC1V 7LEIGB) 



(54) Method and apparatus for applying a covering of material to a workpiece; airfoil having a covering, and method and 
apparatus for determining the location of a surface. 



(57) Although the method and apparatus of the present inven- 
tion can be utilized to apply either a uniform or a non-uniform 
covering of material over many different workpieces, the 
apparatus (20) is advantageously utilized to apply a thermal 
barrier covering (64) to an airfoil (22) which is used in a turbine 
engine. The airfoil is held by a gripper assembly (86) while a 
spray gun (24) is effective to apply the covering over the 
airfoil. When a portion of the covering has been applied, a 
sensor (28) is utilized to detect the thickness of the covering. A 
control apparatus (32) compares the thickness of the covering 
of material which has been applied with the desired thickness 
and is subsequently effective to regulate the operation of the 
spray gun to adaptively apply a covering of a desired thick- 
ness with an accuracy of at least plus or minus 0.0015 inches 
(1.5 mils) despite unanticipated process variations. 
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TITLE MODIFIED 
see front page 

Method and apparatus for use in making an object. 

j 

Background of the Invention 

The present invention relates t:o a new and im- 
proved method and apparatus for making an object. The 
5 method and apparatus can advantageously be utilized to 
effect the accurate application of a covering having 
either a uniform or non-uniform thickness to a workpiece, 
that is to any base material capable of receiving the 
covering. 

lO There are many known prior art devices for 

applying a covering to a vorkpiece. Thus, U.S. Patent 
No. 3 t 953t704 discloses the concept of applying a cover- 
ing of metal to a workpiece which is a ceramic substrate. 
The metal covering is applied by a plasma spray gun and 

15 the workpiece can be positioned along any one of three 

axes by a drive apparatus. Although this patent contem- 
plates that the workpiece will be moved along three axes, 
the patent does not contemplate that the workpiece will 
be rotated about any of the axes to vary the angular 

20 orientation of the workpiece relative to the plasma spray 
gun. 

The concept of rotating a welding nozzle about 
an axis to apply a bead to the inside of a workpiece which 
is a pump casing, is disclosed in U.S. Patent No. 3,627* 
25 973. The apparatus disclosed in this patent is utilized 
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to repair the inside of the pump casing by depositing a 
plurality of beads of material along the inside of the 
casing* The welding nozzle is movable along X, Y and Z 
axes. Although the welding nozzle cannot be rotated about 
the X and Z axes, the welding nozzle can be rotated about 
the Y axis. Other devices for applying coverings to 
workpieces are disclosed in U.S. Patent No. 3,769,486 and 
3,865,525- 

The concept of applying a plasma spray coating of 
from 30 to kO thousandths of an inch in thickness to a 
workpiece, that is, a turbine vane, is disclosed in U.S. 

Patent No. 4, 028, 787. The well known process of rebuild- 

.->• 

ing turbine vanes by manually applying a plasma spray 
covering can, at best, obtain a surface finish accuracy 
of plus or minus six mils (0.006 inch). The plasma 
spray build-up must be abraded in order to provide the 
desired surface measurements. 

The application of thermal barrier coverings to 
airfoils has been attempted on an experimental basis us- 
ing manually manipulated plasma spray guns. These experi- 
ments with the manual application of a plasma spray cover- 
ing to an airfoil have been less than successful. This is 
due to the fact that it is a very slow process and the 
thickness of the plasma spray coating can, at best, be 
applied with an accuracy of plus or minus 6 mils (0.006 
inch) . In order to be acceptable for use in a turbine 
engine, a coating should be applied to the airfoil with an 
accuracy of at least plus or minus 1.5 mils (0.0015 inch). 

The concept of applying coverings to airfoils are 
also disclosed in U.S. Patent No. 3,068,556 and 1,755*321. 
These patents contemplate that the coverings will be more 
or less uniform in thickness. The concept of using plasma 
spray techniques to deposit a wear resisting covering of a 
non-uniform thickness to a workpiece is disclosed in U.S. 
Patent No. 4,003,115. In addition, the concept of using 
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electroslag welding procedures to apply metal from a 
plurality of electrodes in layers of different thick- 
nesses to a workpiece is disclosed in U.S. Patent No. 
3,778,580. 

w 5 * The aforementioned prior art patents disclosing 

different methods of applying coverings to workpieces do 
not disclose how the thickness of the covering is to be 
measured. However, there are many known devices for 
measuring distances. Thus/U.S. Patent No. 3,9^0,608 

10 discloses an optical sensing apparatus which is utilized 
to determine the displacement of an object from a given 
position. This patent contemplates that the distance will 
be measured by measuring the intensity of the light 
reflected from the object and determining the location of 

15 that intensity on a curve which compares the intensity of 
t-r the reflected light to the distance from the object. 

The concept of measuring changes in the location 
of an object by detecting changes in the location of the 
focal point of a lens is disclosed in U.S. Patent No. 

20 3,0l6,^6*i. However, this patent does not disclose the 

concept of using such a sensing apparatus in association 
with an apparatus which is utilized to control the applic- 
ation of a covering to a workpiece. 

2 5 Brief Summary of the Present Invention 

The present invention provides a new and improved 
method and apparatus for applying a covering of either 
uniform or non-uniform thickness to a workpiece. When a 

30 non-uniform covering is applied to a workpiece, the result- 
ant product will have a configuration which is different 
than the configuration of the workpiece to which the cover- 
ing was applied. The workpiece to which the covering is 
applied can have many different constructions and may be 

35 formed of many different materials so long as the workpiece 
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is capable of receiving the covering. 

In one specific utilization of the invention, a 
covering of a uniform thickness is accurately applied to 
an airfoil. In another specific utilization of the 
invention, an airfoil is formed on a vorkpiece or core 
which is subsequently removed from the-airfoil. It should 
be understood that it is contemplated that the present 
invention could be utilized in association with many 
different types of objects other than airfoils. 

An apparatus constructed in accordance with the 
present invention includes a spray gun which is utilized 
to direct a flow of one or^ more materials toward a work - 
piece, such as an airfoil! A sensor assembly is provided 
to determine the thickness of the covering applied to the 
workpiece. A control assembly is connected with the 
sensor assembly and the spray gun. The control assembly 
is effective to compare the thickness of the covering of 
material which is actually applied to the workpiece with 
a desired thickness and is effective to regulate the 
operation of the spray gun in such a manner as to effect 
the application to the workpiece of a covering having the 
desired thickness. Since adaptive controls are utilized, 
none of the articles are rejected. 

Although it is contemplated that many different 
types of sensor assemblies could be utilized in associa- 
tion with the plasma spray gun to determine the thickness 
of the covering applied to the workpiece, an optical 
sensor assembly is advantageously utilized. The optical 
sensor assembly is utilized to detect when a surface area 
on either the workpiece or a covering is at the focal 
point of a lfens. This is accomplished by sensing changes 
in the light reflected from the surface area with changes 
in the distance between the sensor assembly and the work- 
piece. 

During changes in the distance between the work- 
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piece and the sensor assembly in one direction, the light 
reflected from the workpiece back to a photosensor 
decreases as the distance between the sensor assembly and 
the surface area approaches a focal length distance. As 
this is occurring, the light reflected back to a light 
source increases. Once the focal length distance is 
reached between the surface area and the sensor assembly, 
a minimum amount of light is reflected back to the photo- 
sensor and a maximum amount of light is reflected back to 
the light source. Continued relative movement between 
the sensor assembly and the workpiece results in an in- 
crease in the amount of light reflected to the photo- 
sensor and a resulting decrease in the amount of light 
reflected back to the light source. Therefore, it is 
possible to detect when the surface area and sensor 
assembly are spaced apart by the focal distance by detect- 
ing when the amount of light reflected to the photosensor 
stops decreasing and starts increasing. 

By utilizing the method and apparatus of the 
present invention, it is possible to control the operation 
of a plasma spray gun to apply a covering which will have 
a thickness which is within 1.5 mils (0.0015 inch) of a 
desired thickness. The accurate application of the cover- 
ing to the workpiece is promoted by detecting the thick- 
ness of the covering at several different points on the 
workpiece and controlling the operation of the plasma 
spray gun as a function of differences between the desired 
covering thickness and the actual covering thickness as 
sensed at several points on the workpiece. A printer 
assembly provides a permanent record of the actual thick- 
ness of the covering at various points on the workpiece. 

The application of a covering of the desired 
thickness to the workpiece is further promoted by applying 
the covering in layers formed of longitudinally extending 
strips. The central axes of the strips in one layer are 
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offset from the central axes of the strips of a next 
adjacent layer. 

When the covering is to be applied to a vorkpiece 
having a complex configuration 1 such as an airfoil, the 
accurate application of the covering is greatly promoted 
by utilizing an apparatus having six degrees of freedom 
of relative movement. Thus, an apparatus" constructed 
in accordance with the present invention can effect 
relative movement between the airfoil and a spray gun along 
three different axes* In addition the apparatus can effect 
rotational movement between the airfoil and the spray gun 
about three axes. The speejti of relative movement between 
the airfoil and spray gun can be varied to vary the 
thickness of the covering applied in each strip of material 
applied to the airfoil. 

The airfoil is provided with a plurality of 
coverings. In one specific instance, a bond covering is 
applied to the airfoil and a thermal barrier covering is 
applied over the bond covering. A transition covering 
formed of a mixture of the bond and thermal covering 
materials is advantageously utilized between the bond and 
thermal barrier coverings to promote a strong inter- 
connection between the bond and thermal barrier coverings. 

Accordingly, one of the features of the present 
invention is to provide a new and improved method and 
apparatus for effecting the accurate application of a 
covering, which may have either a uniform or non-uniform 
thickness, to a workpiece which can be formed of any 
material capable of receiving the covering. 

Another feature of this invention is to provide a 
new and improved method and apparatus for applying a 
covering of material to at least a portion of a workpiece 
which may be an airfoil and wherein a sensor is utilized 
to detect the thickness of the covering of material 
applied" to the workpiece and a control assembly regulates 
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the operation of a spray gun as a function of the differ- 
ence between the detected thickness of the covering and 
the desired thickness of the covering. 

Another aspect of this invention is to provide 
a new and improved apparatus for applying a covering to 
at least a portion of a workpiece, such as an airfoil, 
with a spray gun and wherein relative movement can occur 
between the workpiece and spray gun along each of three 
transversely extending axes and wherein relative rotation 
can occur between the workpiece and spray gun about each 
of three axes . 

Another feature of*F this invention is to provide 
a method and apparatus to measure the thickness of a 
covering applied to a workpiece without engaging the 
covering with a solid object. 

Ano th en-, as p e c t of this invention is to provide 
a new and improved method of determining the location of 
a surface by detecting when the amount of light reflected 
back to a light source stops increasing and starts de- 
creasing during relative movement between a\ lens and the 
surface. 

Another feature of this invention is to provide 
a new and improved airfoil having a sprayed covering with 
a thickness which varies by an amount which is less than 
0*003 of an inch. 

Another feature of this invention is to provide 
a new and improved method of making an airfoil and where- 
in material is sprayed on to a base having a configura- 
tion which is different than the configuration of the 
airfoil to form a non-uniform covering having an exterior 
surface with a configuration which corresponds to the 
configuration of the airfoil. 

Another feature of this invention is to provide 
a new and improved method and apparatus for accurately 
applying a covering to a workpiece, such as an airfoil, 
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and wherein the workpiece is held by a single gripper 
assembly during both the application of the covering to 
the workpiece and during measurement of the thickness of 
the covering. 

Brief Description of the Drawings 

The foregoing and other objects and features of 
the present invention will become more apparent upon a 
consideration of the following description taken in 
connection with the accompanying drawings wherein: 

Figure 1 is a schematic illustration of an 
apparatus which is constructed in accordance with the 
present invention and is utilized to apply a covering to 
at least a portion of a workpiece, which in Figure 1 is 
an airf o il ; 

Figure 2 is an enlarged illustration of the air- 
foil with a portion of a covering which was applied with 
the apparatus of Figure 1, broken away; 

Figure 3 is a pictorial illustration of the 
apparatus of Figure 1 ; 

Figure k is an enlarged illustration of a portion 
of the apparatus of Figure 3 and illustrating the relation- 
ship between the airfoil, a plasma spray gun for applying 
a coating of material to the airfoil, and a sensor assembly 
which is utilized to detect the thickness of a covering 
applied to the airfoil; 

Figure 5 is a schematic illustration depicting 
the manner in which relative movement occurs between the 
airfoil and the plasma spray gun of Figure 4; 

Figure 6 is an enlarged pictorial illustration 
depicting the construction of a drive apparatus which 
effects relative movement between the airfoil and the 
plasma spray gun in the manner shown schematically in 
Figure 5; 
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Figure 7 ( on sheet four of the drawings) is a 
schematic illustration of the manner in which cooling 
fluid flows through internal passages in an airfoil as 
the plasma spray gun applies heated material to the air- 
foil; 

Figure 8 is a schematic illustration depicting 
the construction of the sensor assembly of Figure 4; 

Figure 9 is a graph depicting how the output 
from a photosensor of the sensor assembly of Figure 8 
varies with variations in the distance between the sensor 
assembly and a surface area from which light is reflected; 

Figure 10 is an enlarged graphic illustration of 
a portion of the curve of Figure 9 and illustrating the 
relationship between the curve and readings which are 
taken to detect when the sensor assembly and a surface 
"area from which light is reflected are spaced apart by a 
distance equal to the focal length of a lens; 

Figure 11 is a schematic illustration of control 
apparatus used to control the operation of the plasma 
spray gun and sensor assembly of Figure k and the drive 
apparatus of Figure 6; 

Figure 12 is a pictorial illustration of a core 
or workpiece which is utilized as a base in the making of 
an airfoil ; 

Figure 13 is a sectional view through the core 
after a plurality of layers of material have been applied 
to the core with the apparatus of Figures 1 and 3 to at 
least partially form the airfoil; 

Figure ik is a sectional view, generally similar 
to Figure 13t illustrating the relationship between a 
protective coating applied over the layers of Figure 13 
and the cor e ; 

Figure 15 is a sectional view, generally similar 
to Figure l** t illustrating the airfoil with the core 
removed; and 
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Figure l6 is a sectional view, generally similar 
to Figure 15, schematically illustrating the manner in 
which pressure is applied against the airfoil to increase 
its density. 

Description of Specific Preferred 
Embodiments of the Invention 

General Description of the Apparatus 

An apparatus 20 for use in applying a covering 
having a uniform or non-uniform thickness to a workpiece 
22 is illustrated in Figures 1 and 3. The apparatus 20 
includes a spray gun 2k which is used to apply the cover- 
ing to the workpiece 22. A sensor assembly 28 is utilized 
to determine the thickness of the covering applied to the 
workpiece 22 by\the spray gun 2k. A control apparatus 32 
is utilized to. control the operation of the spray gun 2k 
to apply a covering of a desired thickness to the work- 
piece 22. 

20 The control apparatus 32 co-operates with the 

sensor assembly 28 and spray gun 2k to effect an extreme- 
ly accurate application of material on the workpiece 22. 
Although the accuracy with which the material has to be 
applied to the workpiece will vary with variations in the 

25 workpiece and the environment in which it is to be used, 
in one specific instance the thickness of the covering 
varied by less than plus or minus 1.5 mils (0.0015 inch) 
from a desired thickness. In order to accurately deter- 
mine the thickness of the covering, the sensor assembly 

30 28 is capable of repeatedly detecting the thickness of 

the covering with an error of less than 0.5 mils (0.0005 
inch ) . 

In order to obtain the accurate application of a 
covering to a workpiece having a complex configuration, 
35 a drive apparatus 36 is utilized to effect relative move- 
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ment between the workpiece 22 and the spray gun 2k along 
each of three orthogonal axes which have been indicated 
as the X, Y and Z axes in Figure 1. In addition, the 
drive apparatus 3& is effective to rotate the workpiece 
about "each of the three axes in the manner indicated 
schematically by the arcuate arrows k0,-k2 t and kk in 
Figure 1. By providing six degrees of freedom of rela- 
tive movement between the workpiece and the spray gun 
2k, that is relative movement can occur between the spray 
gun 2k and workpiece 22 along each of three axes and 
relative rotational movement can occur around each of 
three axes, a workpiece 22 baving a complex configuration 
can be accurately sprayed with a covering of material by 
the gun 2k. 

Although it is contemplated that the workpiece 
22 could be moved along each, of the three axes and rotated 
about each of the three axes, in the illustrated embodi- 
ment of the invention, the drive apparatus 36 is effective 
to move the workpiece along the X and Y axes and to move 
the spray gun 2k along the Z axis. Accordingly, the 
drive apparatus 36 includes a workpiece drive assembly 
kS (Figure 1) which is operable by the control apparatus 
32 to move the workpiece 22 relative to the spray gun 2k 
along the X and/or Y axes and to rotate the workpiece 
around the X, Y, and/or Z axes. 

A spray gun drive assembly 50 is provided to move 
the spray gun 2k along the Z axis. It should be noted 
that the Z axis has been considered as extending through 
the centre of the workpiece and that the spray gun 2k is 
displaced to one side of the Z axis. Although. the spray 
gun 2k is displaced at one side of the Z axis, it is 
moved along the Z axis by the drive apparatus 50 in the 
manner illustrated schematically by the arrow 5** in 
Figure 1. It should be understood that although in the 
illustrated embodiment of the invention it is preferred 
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to effect rotational movement of the workpiece 22 rela- 
tive to the spray gun 24 about the X, Y, and Z axes, 
the spray gun 24 could be rotated relative to the work- 
piece 22 in such a manner as to effect one or more of 
the rotational components of relative movement between 
the spray gun 24 and workpiece 22, In addition, the 
spray gun 2k could be moved along the X and Y axes if 
desired. 

In addition to the workpiece drive assembly 48 
and the spray gun drive assembly 50, a sensor drive 
assembly 58 is provided to effect relative movement bet- 
ween the sensor assembly 2&> and the workpiece 22. In 
the present instance, the sensor assembly 28 is moved along 
only the Z axis by the drive assembly 58 in the manner 
indicated schematically by the arrow 60 in Figure 1. How- 
ever, the workpiece drive assembly 48 is, operable to 
effect movement of the workpiece 22 relative to the sensor 
assembly 28 along the X and Y axes and to rotate the work- 
piece 22 about the X, Y, and Z axes. Thus, six degrees 
of freedom of relative movement are available between the 
workpiece 22 and the spray gun 2k and between the work- 
piece and the sensor assembly 28. 

It is contemplated that the workpiece 22 could 
have many different constructions and could be formed of 
many different materials. The primary requisite for the 
workpiece 22 is only that it be able to receive and 
support a covering applied to it by the spray gun 24. In 
the present instance, the workpiece 22 is an airfoil (see 
Figure 2) which is utilized in a turbine engine. 

The spray gun 2k is of the electric arc plasma 
spray type which is capable of directing h eat- soft en ed 
particles entrained in a high velocity plasma stream to- 
ward the airfoil 22. The plasma spray gun 2k (Figure 3) 
is of the multiport type which is supplied with powdered 
material of two different compositions. The plasma spray- 
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gun 2<i is a <*Okw unit made by Plasma dyne , Inc., a division 
of Geotel, Inc. of Amityville, New York, U.S.A. and is of 
the same general type as the plasma spray guns illustrated 
in U.S. Patent Nos. 3,91^,573 and 2, 9 6l,335. Although a 
specific spray gun has been disclosed herein, it should be 
understood that the present invention contemplates that 
many different types of spray guns could be utilized if 
desired and that the invention is not to be limited to 
having the spray gun 2* to be of any particular type un- 
less so required by the appended claims. 

A covering (Figure 2) is applied to a blade 

portion 68 of the airfoil 22. Thus the covering extends 
over the major side surfaces 66, longitudinally extending 
leading and trailing edges 70 and 72, the top surface of 
a platform at a root end portion 7k y and a tip end portion 
76 of the airfoil 22. If the trailing edge of the blade 
68 is provided with cooling passages, the trailing edge is 
not covered to prevent blockage of the passages. The 
general construction of the airfoil 22 is well known and 
will not be further described herein in order to provide 
prolixity of description. 

The covering 6k which is applied to the airfoil 
22 by the spray gun 2k includes a bond coat or covering 
80 which is applied directly against the surface of the 
airfoil 22. The bond covering 80 is also effective to 
prevent oxidation of the airfoil 22. A thermal barrier 
coating or covering 82 is applied over the bond covering 
80. It is contemplated that a transition covering formed 
by a mixture of the materials used in the thermal barrier 
3 0 and bond coverings could be utilized between the two 

coverings to provide a strong interconnection capable of 
withstanding severe operating conditions. 

Although it is contemplated that the covering 6k 
could have many different compositions, in one specific 
35 instance" the bond covering 80 was a NiCrAlY covering 
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which was k mils (0.004 inch) thick. The bond covering 
80 was applied by moving the gun 2k at a uniform surface 
scan speed of approximately 16 inches per second. The 
bond covering 80 was applied in a plurality of passes of 
ej the spray gun 2k with a covering of approximately 2 mils 
(O.002 inch) thickness being applied on -a first pass of 
the gun 2k and 1 mil (O.OOl inch) being applied on each 
subsequent pass of the spray gun 2k. 

The thermal barrier covering 82 was formed of 
10 yttria stabilized zirconium oxide. The thermal barrier 

covering can be approximately 12 to 30 mils thick depend- 
ing upon the requirements foj the particular airfoil. 
The thermal barrier zirconium oxide covering 82 was 
applied in a number of passes of the gun 2k. A covering 
15 of approximately p. 8 mils thickness was applied on each 

successive pass of the gun. However, it should be under- 
stood that the thickness of the covering applied on each 
pass of the gun 2k can be varied by varying the speed 
of movement of the gun relative to the airfoil or by vary - 
20 i n £ the feed rate of material to the gun. 

Although only a bond covering 80 and thermal 
barrier covering 82 have been shown in Figure 2, a trans- 
ition "covering is advantageously applied to the bond cover- 
ing before the thermal barrier covering is applied. This 
25 transition covering is formed of a mixture of the mater- 
ials in the bond and thermal barrier coverings. . The 
transition covering promotes a strong connection between 
the bond and thermal barrier coverings even though they 
have different coefficients of thermal expansion. In 
30 the specific embodiment described above t the transition 
covering is formed by a mixture of yttria stabilized, 
zirconia and NiCrAlY alloy. 

The bond and thermal barrier coverings 80 and 
82 each have a thickness which varies by less than 1.5 
35 mils (0.0015 inch) from a desired thickness throughout 
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the area of the coating overlying the blade 68. If a 
transition covering is utilized, it is applied with a 
similar degree of accuracy. 

This high degree of accuracy in the application 
of the coating 64 to the airfoil 22 is necessitated by 
the fact that the airfoil is utilized in a turbine engxne. 
During operation of the engine, the airfoil' 22 is rotated 
at an extremely high speed so that any error in the coating 
64 would result in relatively high centrifugal stresses 
being set up in the airfoil 22. In addition, it is 
necessary to have an accurately formed outer surface 
for the coating 64 due to the fact that high temperature 
gases flow past the outer surface of the coating at 
extremely high velocities. Of course, if a covering was 
being applied to a different type of workpiece, a lesser 
degree of accuracy might be acceptable. 

It should be understood that although particular 
covering thicknesses, compositions and modes of applica- 
tion have been set forth herein to facilitate understand- 
ing of the invention, it is contemplated that other 
covering thicknesses and compositions could be utilized. 
It should also be understood that the invention is not, 
except when required by the appended claims, to be limited 
to a multilayered covering for an airfoil or to a cover- 
ing having a particular degree of accuracy in regard to 
the thickness of the covering. This is because although 
the apparatus 20 is extremely well suited and can 

n„ k*. utilised to provide thermal barrier 
advantageously be utiiizeu LW v 

coverings for airfoils, it is contemplated that the 
apparatus will be utilized to provide many different 
types of coverings on many different types of articles. 
Method of Applying a Covering to an Airfoil 

Although it is contemplated that the apparatus 20 
will be utilized to apply coverings to many different 
articles, the method of applying the covering 64 to the 
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airfoil 22 will be described to illustrate one specific 
method. of operating the apparatus 20. Of course, the 
apparatus 20 could be constructed differently and opera- 
ted in a different manner if the characteristics of the 
5 article being covered so require or allow. 

When the multilayer covering' 64 is to be applied 
to the airfoil 22 by the apparatus 20, the airfoil is 
mounted in a gripper assembly 86 (see Figures 3 and k) . 
The gripper assembly 86 engages the root or platform end 
10 88 (see Figure 2) of the airfoil 22 and is provided with 
a shield or barrier plate 92 (Figure 4). The barrier 
plate 92 prevents excess jspray fjfom the gun 2.k impinging 
directly against the clamp which holds the root end 
portion 88 of the airfoil. The barrier plate 92 also 
15 shields the rc>ot and edges of the platform. This tends 
to minimize thermal effects on the clamp and resulting 
inaccuracies in the positioning of the airfoil 22. In 
addition, a stream of a cooling fluid, in the present 
instance carbon dioxide gas, is directed against the air- 
20 foil 22 to cool the airfoil and further reduce thermal 
effects . 

The directing of a stream of cooling fluid 
against the airfoil 22 is effective to minimize thermal 
effects. However, when an airfoil having an internal 

25 passage is being sprayed, further cooling can be obtained 
by directing a flow of fluid through the passage in the 
airfoil. The manner in which this could be accomplished 
is illustrated schematically in Figure 7. Thus, a flow 
of cooling fluid from a source 93 is conducted through a 

30 conduit 9k to a longitudinally extending internal passage 
95 in the airfoil 22. The central passage 95 is connected 
with openings in the trailing edge of the airfoil by 
passages 97. It should be emphasized that the, apparatus 
20 operates satisfactorily to apply coverings to airfoils 

35 without utilizing additional coolant flow through internal 
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passages in the airfoil. However, when the airfoil is 
constructed with internal passages, providing a flow of 
cooling fluid through these passages does serve to further 
alleviate thermal effects. 

Once the airfoil has been mounted in the gripper 
assembly 86, the exact locations of a plurality of points 
on the outer surface of the airfoil 22 are determined by 
using the sensor assembly 28* The exact locations of the 
various points on the surfa ce of the airfoil 22 are 
transmitted to the control assembly 32 (Figures 1 and 3) 
where they are stored for future reference. It should be 
noted that since the sensor assembly 20 is immediately 
adjacent to the spray gun 2k, the position of various 
portions of the surface of the airfoil 22 can be 
accurately determined by the sensor assembly 28 while the 
airfoil 22 is held by the same gripper assembly 86 (Figure 
*i ) as is used to hold the airfoil during the application 
of the covering 6k to the airfoil by the spray gun 2k. 

Once the exact location of various points on the 
surface of the airfoil 22 have been determined, the 
control apparatus 32 (Figure l) effects movement of the 
workpiece drive assembly ^8 to accurately position the 
airfoil 22 in front of the spray gun 2k. The spray gun 
2k is then activated. Powdered material for the bond 
covering 80 (Figure 2) is entrained in a suitable gas and 
conducted in a known manner to the spray gun through a 
hose or conduit 96 (see Figure k ) . At this time electrical 
energy and cooling liquids are conducted to and from the 
spray gun 2k through hoses or conduits 98 and 100. In 
addition, inert gas such as argon is connected to the 
spray gun 2k through the hose or conduit 102. 

The spray gun 2k is activated and an electric arc 
is produced. Gas fed under pressure through the conduit 
102 is conducted through the arc. The gas is ionized and 
heated in the electric arc. The heated ionized gas is a 
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body of plasma which flows toward a spray Run exit port 
106. Powdered material from the conduit 96 is directed 
into the high-temperature accelerating stream of plasma 
where it is. heated. The heated powder particles are 
entrained in the plasma stream and are directed by the 
spray gun 2k against the airfoil 22. When the bond 
covering 80 is being applied, the powdered material 
conducted through the conduit 9& and directed toward the 
workpiece is an NiCrAlY alloy. 

As the plasma stream leaves the spray gun 2k 
and is directed toward the airfoil 22, a spray gun drive 
motor 110 (Figure k) is operated to drive a vertical 
screw 112 which extends parallel to the Z axis. This 
moves the spray gun upward at a uniform speed so that the 
plasma stream ±s\ effective to apply a generally vertically 
extending strip of material to the airfoil 22. 

Assuming that the rate of flow of heated material 
from the gun 2k remains constant, the thickness of the 
covering applied over a surface area of the blade can be 
controlled by controlling the speed of movement of the 
gun. Thus, when a relatively thick strip is to be applied 
to the airfoil, the control assembly 32 effects operation 
of the drive motor 110 to move the spray gun at a rela- 
tively slow speed. When a relatively thin covering is 
to be applied, the control assembly 32 causes the motor 
HO to operate at a higher speed. 

When the spray gun 2k reaches the end of a vertical 
upward stroke, it directs the plasma stream above the 
airfoil 22. The control apparatus 32 is then effective to 
activate the workpiece drive assembly ko to index the 
airfoil 22. This causes a next adjacent portion of the 
airfoil 22 to be aligned to receive material from the 
spray gun 2k. The spray gun 2k is then moved downwardly 
to apply a next succeeding strip of material to the 
airfoil_22 adjacent to and overlapping the preceding 
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strip. In one specific instance, the strips were approx- 
imately 12 nun wide and had central axes which were spaced 
5 mm apart • 

When the spray gun 2k reaches the end of a verti- 
5 cal downward stroke, it directs the plasma stream beneath 
the airfoil 22. The airfoil 22 is then indexed again to 
position it to receive the next succeeding strip. This 
next strip is adjacent to and overlaps the last strip. 
The next strip is applied to the airfoil 22 as the spray 
10 gun 2k is moved upwardly along the Z axis by operation of 
the motor 1 lO under the influence of the control apparatus 
32. / 

The strips of material are applied in succession 
around the airfoil 22 by moving the spray gun 2k along the 
15 Z axis arid by accurately positioning the airfoil relative 
to the spray gun before each stroke is undertaken. It 
should be noted that although the airfoil 22 has an 
extremely complex configuration, successive surface areas 
on the airfoil can be accurately positioned relative to 
20 the spray gun 2k by the drive assembly 48. This is 

because the drive assembly k8 can move the airfoil along 
the X and Y axes and can rotate the airfoil about the X, 
Y, and Z axes. The exact positions to which the airfoil 
is indexed on each of the work strokes of t.lie spray gun 
25 2k is determined by a program in the control assembly 32- 
After the first layer of the bond coat covering 
80 has been applied to the airfoil 22, the spray gun 2k 
is operated to apply a next succeeding layer over the 
first layer. The longitudinally extending strips of the 
30 next succeeding layer have central axes which may be off- 
set from the central axes of the strips of the first 
layer. This is done because there tends to be a slightly 
greater accumulation of material at the centre of the 
strip than at the edges of the strip. By offsetting the 
35 longitudinal axes of the strips of adjacent layers of 
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material, variations in the thickness of the bond coatin C 
80 are. minimized. It should be noted that the control 
apparatus 32 can effect operation of the drive assembly 
k& to cause a sli S ht dithering or sidewise movement of 
5 the blade along the X axis during a vertical stroke of 
the spray gun 2k along the Z axis to thereby promote 
blending of the strips applied to the airfoil 22 during 
work strokes of the spray gun 2k. 

The accuracy with which the covering is applied 

10 to the airfoil is promoted by applying the covering in 
successive layers with the longitudinal axes of the 
strips in each layer offset relative to the longitudinal 
axes of the strips of the next adjacent layer. However, 
sufficient uniformity of covering thickness (plus or 

15 minus 1.5 mils) may be obtained without offsetting the 
longitudinal central axes of the strips. In addition, 
the total thickness of a covering can be applied by 
spraying a plurality of strips on top of each other and 
then indexing the blade and spraying a plurality of 

20 strips adjacent to the first group of strips. It is 

contemplated that the specific manner in which the strips 
are applied will be varied to suit the configuration of 
a particular workpiece to which they are being applied 
and the accuracy with which the covering must be applied 

25 to. the workpiece. 

When the spray gun 2k has been operated to apply 
a number of layers of bond covering 80 to the airfoil 22, 
the thickness of the bond covering 80 is measured. In 
accomplishing this, the airfoil 22 is moved along the X 

3 0 axis from a spray receiving position adjacent to the 

spray gun 2k to a position adjacent to the sensor assembly 
28. The sensor assembly 28 is then operated to detect 
the thickness of the bond covering 80 which has been 
applied to the airfoil. 

35 - it is contemplated that when the first measure- • 
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mcnt is made the bond covering 80 may have a thickness 
which is less than the desired thickness at each of the 
locations where the sensor assembly 28 initially sensed 
the position of the airfoil surface. The control assembly 
3 2 determines the difference between the desired thickness 
and the actual thickness of the bond covering 80 applied 
to the airfoil 22 by the operation of the spray gun 2k. 
This thickness determination is made while the airfoil 
remains in the gripper assembly 86. If the airfoil 22 
was removed from the gripper assembly 86, errors would, 
in all probability, be introduced when the airfoil was 
repositioned in the gripper assembly. 

Once the control apparatus 32 has determined the 
extent to which the actual thickness of the initial 
portion of the covering 80 differs from the desired 
"thickness of the bond covering, the airfoil 22^is moved 
back into alignment with the spray gun 2k. The spray 
gun 24 is then operated in the manner previously explained 
to increase the thickness of the bond covering as and 

20 where required. 

After the spray gun 2k has been operated to 
increase the thickness of the initial covering 80 by an 
amount which the control apparatus 32 determines is 
sufficient to result in the covering having a desired 

25 thickness, the sensor assembly 28 is again utilized to 
detect whether or not the actual thickness of the bond 
covering 80 is the desired thickness. If the control 
apparatus 32 determines that additional material should 
be applied to the covering 80 in order that it will have 

30 the requisite thickness, the airfoil 22 is again moved 
into alignment with the spray gun 2k and additional 
material is applied to the airfoil. When the covering 
80 is completed, it has a thickness which differs from 
the desired- thickness by less than plus or minus 1.5 mil 

35 (0.0015 inch). It should be noted that, due to the thin- 
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ness oT the bond coat, it is often possible to achieve 
the required thickness or plus or minus 1.5 mils in the 
first spray sequence • 

After the bond covering SO has been applied in 
the manner previously explained, a thermal barrier covering 
82 is applied directly over the bond covering without 
removing the airfoil 22 from the gripper assembly 86. In 
the present instance, the thermal barrier covering 82 is 
formed of yttria stabilized zirconia. The thermal barrier 
covering has a thickness of between 12 and JO mils 
depending upon the environment in which the airfoil 22 is 
tobeutilized. ^ 

The spray gun 2k is used to apply the thermal 
barrier covering 82 to the airfoil 22 in the same manner 
in which the\ spray gun was used to apply the bond cover- 
ing 80 to the airfoil. However, during the application of 
the thermal barrier covering 82, powdered yttria stabilized 
zirconia is conducted to the multiport spray gun 2k 
through the conduit 120 (see Figure k) . 

The spray gun 2k is then effective to direct a 
plasma spray of yt tria-s tabilized zirconia toward the 
airfoil 22 in the manner previously explained in connection 
with the bond covering 80. As the spray of yttria stabil- 
ized zirconia is directed toward the airfoil 22, the spray 
gun drive motor 110 is operated to cause the drive screw 
112 to move the spray gun 2k along a vertical path. Dur- 
ing rotation of the drive screw 112, movement of the spray 
gun 2k along a path extending parallel to the Z axis is 
guided by a pair of upstanding rods \2k and 126 (Figure 4). 

As the spray gun 2k is moved along the Z axis 
relative to the airfoil 22, strips of yttria stabilized 
zirconia are sequentially applied to the airfoil 22. These 
strips extend from the root end portion 7k of the airfoil 
to the tip end portion 76 of the airfoil. In order to 
obtain a thermal barrier covering 82 of a desired thickness, 
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a plurality of layers of strips of material are sequenti- 
ally applied to the airfoil 22. Any tendency to form 
longitudinally extending relatively thick areas in the 
thermal barrier covering 82 is minimized by offsetting the 
longitudinal axes of strips in adjacent layers of the 
thermal barrier covering or by judicious selection of 

strip overlaps. 

When the thermal barrier covering 82 has been 
built up to a thickness which is somewhat less than the 
desired thickness, the workpiece drive assembly kS 
(see Figure l) is operated to move the airfoil 22 (see 
Figure h) to a position adjacent to the sensor assembly 
28. The sensor assembly 28 is utilized in conjunction 
with the control apparatus 32 (Figure l) to detect the 
actual thickness of the thermal barrier covering 82. 
It should be noted that, the airfoil 22 remains in the 
gripper assembly 86 from the time that the location of 
various points on the airfoil are sensed by the sensor 
assembly 28 prior to initiation of the application of 
the bond covering 80 until the thermal barrier covering 
82 is completed. This eliminates any possibility of 
errors' which could result from connecting and disconnect- 
ing the airfoil 22 from the gripper assembly 86. 

Once the control apparatus 32 has determined the 
amount by which the thickness of the thermal barrier 
covering 82 must be increased in order to provide a 
coating of a desired thickness, the spray gun 2.h is 
again operated to increase the thickness of the thermal 
barrier coating 82. The sensor assembly 28 is operated 
to sense the thickness of the thermal barrier coating at 
a plurality of locations on the airfoil 22. If for some 
unforeseen reason the thermal barrier covering 82 should 
have different thicknesses at different locations on the 
airfoil 22, the control apparatus 32 is effective to 
cause the spray gun 2k to operate in such a manner as to 
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eliminate the variations in the thickness of the thermal 
barrier covering 82. 

Accordingly, if it was detected that the initial 
operation of the spray gun 2k caused the application of a 
relatively thick initial thermal barrier covering 82 to a 
portion of the airfoil and a somewhat thinner thermal 
barrier covering to another portion of the airfoil, the 
control apparatus 32 would effect operation of the spray 
gun to make a plurality of passes or scans along the 
airfoil in the area where the thermal barrier coating 82 
is relatively thin and would make a fewer number of passes 
or scams along the portion of the airfoil 22 where the 
thermal barrier coating was relatively thick* The thick- 
ness of the covering applied in a portion of a strip can 
be varied by varying the speed of movement of the spray 
gun 2k as a strip is applied. By repetitively sensing 
the thickness of the thermal barrier covering 82 and 
controlling the operation of the spray gun 2k with the 
control apparatus 32 as a function of the sensed thickness 
of the thermal barrier covering at a plurality of 
locations on the airfoil 22, the thermal barrier covering 
82 will have a thickness which varies by less than 3 mils 
(0.003 inch). 

Although the thermal barrier covering 82 is • 
applied directly over the bond covering 80 on the air- 
foil 22, it is contemplated that a transition covering 
may be utilized between the bond and thermal barrier 
coverings. When a transition covering is to be provided, 
the control assembly 32 is effective to cause the spray 
gun 2k to apply a mixture of the bond covering materials 
and the thermal barrier covering materials over the bond 
covering 80 before the thermal barrier covering 82 is 
applied. The thickness of the transition covering is 
measured with the sensor assembly 28 in the manner pre- 
viously explained in connection with the bond and thermal' 
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barrier covering . 

When a transition covering of the desired 
thickness has been applied to the airfoil, the thermal 
barrier covering is applied over the transition covering. 
It should be noted that the airfoil 22 is continuously 
maintained in the gripper assembly 86 during application 
of the bond covering, measuring of the thickness of the 
bond covering, application of the transition covering, 
measuring of the thickness of the transition covering, 
application of the thermal barrier covering and measuring 
of the thickness of the thermal barrier covering. 

Although the operataon of the spray gun 2.k has 
been described herein in connection with the application 
of a bond covering 80 and a thermal barrier covering 82 
to an airfoil 22, it is contemplated that the method and 
"apparatus of the present invention will be utilized to 
apply coverings over portions of many different types of 
vorkpieceso It is contemplated that the coverings applied 
to these workpieces will be formed of many different types 
of materials and that there may or may not b\e a plurality 
of coverings applied to the same workpiece by the spray 
gun. In addition, it is contemplated that spray guns 
other than the particular plasma spray gun disclosed 
herein will be utilized to apply different types of 
materials to the workpieces. 
Workpiece Drive Assembly 

The workpiece drive assembly k8 is illustrated 
schematically in Figure 5* A specific embodiment of the 
workpiece drive assembly k8 is shown in Figure 6. 

The workpiece drive assembly 48 includes a carr- 
iage 130 which is supported for movement along both the 
X and Y axes (Figure 5). Although they could have diff- 
erent orientations, the Y axis extends generally parallel 
to the path of flow of material from the spray gun Zk . 
The X axis extends generally perpendicular to the path of 
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flow of material from the spray gun 24. 

Accordingly, the carriage 130 is supported for 
movement along the X axis by a pair of parallel guide 
bars 134 and 1 36 (see Figure 5). The guide bars 13^ and 
5 136 are fixedly connected to a pair of parallel longitud- 
inally extending upper frame members 138 and 1 40 (Figure 
3) of a framework 142. 

The carriage 1 30 is supported for movement 
along the Y axis by a pair of parallel support rods l46 
10 and 148 (see Figure 6). The support rods l46 and l48 are 
connected with the guide bars 13^ and 136 by four bearing 
blocks, only two of which are shown at 150 and 152 in 
Figure 5. The carriage 1/J0 is connected with the support 
bars 146 and l48 by suitable bearings 154 and 156 and 
15 158 (Fxgxure 6) .\ 

Thus, the carriage 130 is supported for movement 
along the X axis by the parallel guide bars 134 and 136. 
The carriage 130 is supported for movement along the Y 
axis by the parallel guide bars l46 and l48. Of course, 
20 the guide bars l46 and l48 move along the X axis with the 
carriage 130. 

In order to effect movement of the carriage 130 
along the X axis and the guide bars 13*1 and 136, a drive 
screw l62 is rotated by a reversible electric motor l64, 
25 It should be noted that the drive screw l62 extends 

parallel to the X axis and the guide bars 134 and 136. 
The drive screw 162 is connected with the bearing block 
150 by a suitable ball nut or internally threaded drive 
element . 

30 Similarly, the carriage 130 is moved along the 

Y axis and the parallel guide bars 146 and 148 by a drive 
screw 166. The drive screw 166 is rotated by a reversible 
drive motor 168 (Figure 5). 

Jn order to enable the airfoil 22 to be rotated 

35 about the mutually perpendicular X, Y, and 2 axes, the 
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airfoil engaging gripper assembly 86 is connected with a 
lower end portion of a longitudinally extending support 
member 172 (Figure 5). The support member is pivotally 
■ connected with the carriage 1 30 at a universal joint 176. 
5 The universal joint 176 connects the support member 172 

with the carriage 130 so as to allow the gripper assembly 
86 freedom of sidewise movement in every direction within 

certain defined limits. 

Accordingly, the universal joint 176 allows the 

10. support member 172 to rotate about its own longitudinally 
extending central axis to provide for rotational movement 
of the gripper assembly 86 and workpiece about the Z 
axis. The pivot joint 176 dlso enables the support 
member 172 to be pivoted about a point which is coincid- 

15 ent with the centre of the universal joint in the manner 
that the support member 172 moves in a conically shaped 
envelope and the gripper assembly 86 moves through a 
circle relative to the carriage 1JO. This enables the 
airfoil 22 to be pivoted about both the X axis and the Y 

20 axis. \ 

To effect pivotal movement of the airfoil 22 
about the X axis, a slide member 180 (see Figures 5 and 
6) is movable under the influence of a reversible drive 
motor 182 (Figure 6) and a drive screw l8^. Upon opera- 

25 tion of the drive motor l82, the drive screw l&k effects 
movement of the slide member l80 along a path which 
extends parallel to the Y axis. This movement of the 
slide member l80 is effective to pivot the support 
member 172 about the X axis at the universal joint 176. 

30 The support member 172 is pivoted about the Y 

axis by movement of a second slide member 188 under the 
influence of a reversible electric drive motor 190 (see 
Figure 6) and a drive screw 192. Upon operation of the 
reversible drive motor 190, the drive screw 192 moves 

35 the slide,. 188 along a path which extends parallel to the 
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X axis and perpendicular to the Y axis. This effects :se 
pivotal movement of the support member 172 about the Y ,t| 
axis at the universal joint 17&. ^ 
In order to effect rotational movement of the air- 3 
5 foil 22 about the Z axis which is perpendicular to the X 

and Y axes, a drive motor 196 is operable through a speed ^ 
reduction assembly 198 to rotate the support member 172 
about its central axis. It should be understood that 
although operation of the motor l82 effects pivotal move- 
10 ment of the workpiece about the X axis and that operation 
of the. motor 190 effects pivotal movement of the work- 
piece about the Y axis , aboth motors could be simultaneous- 
ly operated to effect simultaneous pivotal movement of the 
airfoil 22 about the pivot joint 176 to any desired posi- 
15 tion relative to the spray gun 24 and sensor assembly 28. 
Simultaneously therewith the motor 196 could be energized 
to rotate the airfoil 22 about the Z axis. It is also 
contemplated that simultaneously with pivotal movement of 
the airfoil 22 about the X, Y, and Z axes, the drive 
20 motors l64 and 168 could be energized to move the airfoil 
22 along the X and Y axes. 

It is believed that it will be apparent that the 
workpiece drive assembly 48 provides for five degrees of 
freedom of relative movement of the workpiece 22 relative 
25 to the spray gun 24 and sensor assembly 28. Thus, the 

workpiece 22 can be moved along the X and Y axes and can 
be pivoted about the X, Y, and Z axes by the drive 
assembly 48. The sixth degree of freedom of relative 
movement between the workpiece and the spray gun 24 and 
30 sensor assembly 28 is achieved by the spray gun drive 
assembly 50 and the sensor drive assembly 58. 

The spray gun drive assembly 50 includes the motor 
110 (Figure 4) which rotates the drive screw 112 through a 
pair of gears 199 and 200. Upon operation of the revers- 
35 ible electric drive motor 110, the spray gun 24 is moved 
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along the vertical guide bars 12*i and 126 which extend 
parallel to the Z axis. 

The sensor assembly 28 is moved by the drive 
assembly 58 in much the same manner as in which the spray 
Sun 2k. , is moved by the drive assembly 50 . Thus, the 
drive assembly 58 includes a reversible electric motor 
205 (Figure k) which is connected by a pair of gears 206 
and 207 with a vertical drive screw 208 . The drive screw 
2C8 extends parallel to the Z axis and to a pair of upright 
guide memoers 209 and 211. Thus, upon operation of the 
reversible electric drive motor 205 the sensor assembly 
28 is moved along the Z axis by the drive screw 208 . 

Although a specific- vorkpiece drive assembly 48, 
spray gun drive assembly 50, and sensor drive assembly 58 
has been described herein, it is contemplated that drive 
assemblies having different constructions could be utiliz- 
ed to obtain relative movement between a workpiece and 
the spray gun 2k and sensor assembly 28 along the X, Y 
and Z axes and to obtain relative rotational movement 
therebetween about the X, Y, and Z axes. For example, it 
is contemplated that the spray gun 2k and sensor assembly 
28 could be stationary. The workpiece drive assembly 48 
would then be effective to move the workpiece along all 
thj-ee axes and to rotate the workpiece about all three 
axes. Similarly, the workpiece could be stationary and 
the spray gun 2k and sensor assembly 58 could be moved 
along all three axes and rotated about all three axes. 
However, the combination of the workpiece drive assembly 
48, spray gun drive assembly 50 and sensor drive assembly 
58 is believed to be a particularly advantageous way to 
obtain the desired movement between the workpiece, spray 
gun and sensor assembly. 
Sensor Assembly 

The sensor assembly 28 is utilized in determining 
the thickness of the covering applied to a workpiece, such 



o u u / 



- 30 - 

as the airfoil 22. The sensor assembly 28 utilizes 
electrical energy to detect the thickness of a covering 
without engaging the covering with a solid object. 

The sensor assembly 28 includes an electric 
5 light 2lO which is a noncoherent light source (Figure 8). 
Light from the lamp 210 is directed into a fibre optic 
bundle 21*i. The light from the fibre optic bundle 2lk 
is transmitted through a lens assembly or optical extender 
2l6 against a surface 2l8 of the airfoil 22. At least a 
10 portion of the light is reflected back from the surface 
2l8 of the airfoil 22 to a fibre optic bundle 22^ which 
leads to a photosensor 226. 

The two fibre optic bundles 2l4 and 22^ (Figure 
8) are randomly mixed in a main fibre optic bundle 228. 
15 Therefore, a portion of the light which is reflected from 
the surface 2l8, is directed back to the light source 2lO 
through the fibre optic bundle 2.1k while the remainder of 
the light is directed to the photosensor 226 through the 
fibre optic bundle 224. 
20 The lens assembly 2l6 includes a collimating lens 

232 and a condensing lens 23^ • The condensing lens 23^ 
is effective to direct the light from the light source 
toward a focal point which has been indicated at 236 in 
Figure 8. The construction of the sensor" assembly 28 is 
25 the same as is disclosed in U.S. Patent No. 3,9^0,608 and 
is commercially available from MTI Instruments, Latham, 
New York as a model KD-lOO Fotonic Sensor and has a 2,2 
millimetre diameter probe. 

The sensor assembly 28 provides a clear indica- 
30 tion of when a surface area on an object is spaced apart 
from the condensing lens 23^ by a distance which is equal 
to the focal length of the lens. When the surface area 
of the airfoil 22 is at the focal point, as shown in 
Figure 8, the amount of light which is reflected back to 
35 the light source 210 is maximized and the amount of light 



0007207 



- 31 - 



which is reflected to the sensor tends to be minimized. 
This is. because the light rays reflected from the surface 
of the workpiece 22 through the condensing lens 23k and 
collimating lens 232 are directed back to the same fibre 
optic conduits from which they originated, that is back 
to the fibre optic conduits in the bundle 228 leading to 
the bundle 21*i. The manner in which this occurs has been 
shown graphically in Figure 9. 

When the probe is against the workpiece, that is 
when the probe to target distance is zero mils, none of 
the light is reflected back to the photosensor 226 (Figure 
9). As the distance from ttfe collimating lens 23** and the 
surface area of the airfoil 22 increases, the light 
reflected back to the photosensor 226 increases in a 
reasonably linear manner until a distance approaching to 
"the focal distance is approached. The light reflected 
back to the photosensor 226 then begins to decrease. 

For a lens assembly having the characteristics 
indicated by the graph in Figure 9, the light reflected 
back to the photosensor begins to decrease when the lens 
234 is spaced approximately k20 mils from the surface 2l8 
of the airfoil 22. This sharp decrease continues until 
the focal point distance is reached at approximately ^33 
mils. As the distance increases from the focal point 
distance, the amount of light reflected from the photo- 
sensor 226 sharply increases again until the lens 23^ is 
located about 460 mils from the surface of the workpiece. 
The light reflected back to the photosensor then decreases 
in a reasonably linear manner as the distance increases. 

It should be understood that the relationship 
between the amount of light reflected to the light source 
2lO from the surface 2l8 varies in a manner which is 
substantially inverse to the manner in which the light 
reflected to the photosensor 226 varies with movement of 
the sensor assembly 28. Thus, when the sensor assembly 28 
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is spaced from the surface 2l8 by a distance equal to 
the focal distance of the lens 23*1, the amount of light 
reflected to the photosensor 226 tends to be minimized. 
At this time, the amount of light reflected to the light 
source 210 is maximized. As the distance between the 
lens 23^ and the surface 2l8 changes to either side of the 
focal point distance, that is becomes either greater or 
lesser than 433 mils, the amount of light reflected to 
the light source 210 decreases as the amount of light 
reflected to the photosensor 226 increases in the manner 
shown in Figure 9 • 

In effecting measurement of the covering applied 
to the airfoil 22, the uncoated airfoil is moved by the 
workpiece drive assembly 48 relative to the sensor 
assembly 28 until the surface of the airfoil is at the 

focal point, that is until the surface of the workpiece is 

spaced apart from the lens 23** by the focal distance of 
433 mils. The position of the airfoil 22 at this time is 
stored in the control apparatus 32. This original posi- 
tioning of the airfoil 22 provides a reference position 
from which subsequent measurements are determined. 

When a substantial portion of a covering, such as 
the bond coat covering 80, has been applied to the airfoil 
22 in the manner previously explained, the thickness of 
this initial covering is measured without engaging the 
covering. To this end, the workpiece drive assembly 48 
is operated under the influence of the control assembly 
32 to position the outer surface area of the initial port- 
ion of the covering at the focal point of the lens 23**- 
When the surface area of the covering is at the focal 
point of the lens 234, that is when the surface area of 
the covering is 433 mils from the lens 23**, the position 
of the airfoil 22 will be offset from its original or 
reference position by a distance equal to the thickness 
of the covering. 
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The control apparatus 32 can determine the 
actual thickness of the initial portion of the covering 
applied to the airfoil 22 by subtracting the position of 
the airfoil when the outer surface area of the covering 
is at the focal point of the lens 2'}k from the previously 
stored reference position. The thickness of the initial 
portion of the covering is then compared with the desired 
thickness of the covering to determine the amount by which 
the thickness of the initial portion of the covering would 
be increased in order to have a covering of the desired 
thickness. The control apparatus J2 then effects opera- 
tion of the spray gun to increase the thickness of 
the covering until it has the desired thickness. In this 
manner, the thickness of the bond coat covering 80 can be 
controlled to within plus or minus 1*5 mils (0.0015 
inch) of a desired .thickness. 

Once the bond coat covering 80 has been applied 
to the airfoil, the thermal barrier coat covering 82 is 
applied over the bond coat covering. In determining the 
thickness of the thermal barrier covering 82, the initial 
reTerence position of the airfoil is utilized. The com- 
bined thickness of the bond coat covering 80 and the 
portion of the thermal barrier coat covering 82 which has 
been applied to the airfoil 22 is measured. This com- 
bined thickness is compared with a desired combined thick- 
ness for both coverings to determine the amount by which 
the thickness of the thermal barrier covering 82 must be 
increased. The thickness of the thermal barrier covering 
can also be controlled to within plus or minus 1-5 mils 
(0.0015 inch) . 

The manner in which the focal point for the lens 
23^4 is detected has been illustrated graphically in Figure 
10. A set of ten memory locations is set up in the 
control apparatus 32 to constitute a first-in-first-out 
(FIFO) memory. After the airfoil 22 has been moved 
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slightly closer to the sensor assembly 20 than the focal 
distance, the airfoil is moved away from the sensor 
assembly 28 in 0,0002 inch increments. 

On the first step the voltage is read and entered 
into the first memory location in the first-in-first-out 
memory. On each successive step of the workpiece rela- 
tive to the sensor, a new voltage reading/ is entered 
into the first memory location and all previous measure- 
ments are moved back by one memory location. A reading 
which has reached the last memory location is lost on the 
next step. Therefore, the memory always contains the 
last ten voltage readings jand their corresponding probe 
coordinate steps. 

When the first reading exceeds the last by a 
specified voltage, the value representing the focal 
point is assumed to have been detected and the coordinate 
of the sixth memory location is taken as the valley posi- 
tion. The program in the control apparatus 32 is set up 
to detect the negative slope preceding the valley and the 
l»«>«ritive slope following the valley by looking for appro- 
priate differences between the first and last reading to 
the FIFO memory. Parameters that can be varied automatic- 
ally if searching for the valley are the voltage differ- 
ences to define the slopes and the valley and the position 
in which the valley detect routine starts. The manner 
in which the readings in the FIFO memory relate to a 
curve of photosensor output voltage has been illustrated 
schematically in Figure 10. If it is assumed that the 
sensor assembly 28 is being moved away from the workpiece 
22, that is toward the left as viewed in Figure 8, the 
initial data entered into the FIFO memory could be con- 
sidered as being relative to the photosensor output 
voltage curve in the manner illustrated schematically at 
2^2 in Figure 10. It should be noted that at the position 
indicated at 2^2 in Figure 10 the tenth reading, that is 
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the reading being taken, is substantially less than the 
z ero reading, that is the reading stored in the tenth 
mem ory location of the FIFO memory. After the sensor 
assembly 28 has been moved away from the workpiece 
through the focal point, the readings stored in the FIFO 
memory locations could be considered as being relative 
to the photosensor output voltage curve in the manner 
illustrated schematically at 2kO in Figure 10. Thus at 
this time the tenth reading, that is the reading being 
taken, is substantially larger than the zero reading, 
that is the reading stored in the tenth memory location 
of the FIFO memory.- Therefore, it can be readily 
determined that in moving the sensor assembly 28 from 
the position indicated at 2^2 in Figure lO to the position 
indicated at 2*»0 in Figure lO the bottom of the valley or 
focal point position was passed. 

In proceeding from the position illustrated 
schematically at 2<*2 in Figure 10 to the position illu- 
strated at 2kO in Figure 10 the tenth reading, that is 
the reading being taken, will be less than the first or 
Z ero reading until the position indicated schematically 
at Zkk is reached. In moving from the position illustr- 
ated at 242 to the position illustrated schematically at 
Zkk, the sensor assembly moves through the position in 
which the focal point of the lens 2 3 <* is on the surface 
of the workpiece. It should be noted that after the 
sensor assembly 28 moves through the focal point posi- 
tion, the successive voltage readings, that is the tenth 
reading being taken, will stop decreasing and start 
increasing . 

When the sensor assembly 28 has moved through the 
focal point position to the position indicated schematic- 
ally at 244 in Figure 10, the voltage reading being 
taken, that is the tenth reading, will be approximately 
equal to but slightly less than the voltage readxng 
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stored in the tenth memory location. On the next succ- 
essive incremental step of relative movement between the 
sensor assembly and the workpiece, the voltage reading 
being taken t that is the tenth reading, will exceed the 
voltage reading stored in the tenth memory location. 
This indicates that the bottom of the valley or focal 
point is disposed at a location between the location 
where the tenth voltage reading is being taken and the 
location where the zero voltage reading was previously 
taken.. Since the readings will have shifted slightly 
to the right of the centre of the bottom of the valley, 
the reading stored in the sixth FIFO memory location is 
assumed to have been made at the focal point position. 
Of course, the readings in each of the FIFO memory loca- 
tions could be compared in order to determine which 
reading was the lowest to more accurately determine the 
focal point position. 

It should be understood that in the illustrated 
embodiment of the invention the relative movement between 
the sensor assembly 28 and the workpiece 22 is obtained by 
moving the workpiece relative to the sensor assembly with 
the drive apparatus 36. However, the sensor- assembly 
could be moved relative to the workpiece in the manner 
assumed above in connection with Figure 10. It should be 
understood that although the sensor assembly 28 has been 
described herein in connection with a method of applying a 
covering to a workpiece, it is contemplated that the 
sensor assembly could be used in association with a FIFO 
memory to locate any surface. For example, the sensor 
assembly could be utilized in association with an opera- 
tion in which material is removed from a workpiece. 

Another feature of the program is that the number 
of measurements taken in each step can be one or any 
multiple of two up to one hundred and twenty-eight. The 
value "enter ed into the FIFO memory is then the average of * 
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the readings minimizing random noise effects. The number 
of memory locations in the FIFO can be varied up to any 
desired number. This process of delecting the focal point 
of the lens 23^1 shows a measurement repeatability with an 
error of less than plus or minus 0.5 mils (0.0005 inch). 

In the embodiment of the invention described 
herein the airfoil or workpiece 22 has been moved rela- 
tive to the sensor assembly 28 to detect when a surface on 
the workpiece is spaced a predetermined distance, that is 
the focal distance, from the sensor assembly. It is 
contemplated that the sensor assembly could be moved 
relative to the workpiec* or airfoil 22 if desired. 
Although for safety reasons it is preferred to approach 
the focal distance from a point which is closer to the 
workpiece than the focal distance, that is by increasing 
the distance between the sensor assembly 28 arid the work- 
piece or airfoil 22, it is contemplated that the focal 
point could be detected by decreasing the distance between 
the workpiece or airfoil 22 and the sensor assembly 28. 

It is also contemplated that other types of 
sensor assemblies could be utilized if desired. For 
example, a sensor assembly using a coherent light source 
(laser gauge), or a capacitive sensor could be utilized 
if desired. It is believed that the accuracy with which 
measurements are made will . be promoted with any known 
type of sensor by maintaining the workpiece or airfoil 22 
in the clamp assembly 86 during both the application of a 
covering to the airfoil and measurement of the covering. 
Control Apparatus 

It is contemplated that many different types of 
known control systems could be utilized to control the oper- 
ation of the workpiece. drive assembly ^8, the spray gun 
drive assembly 50 * and the sensor drive assembly 58 to 
determine when the desired coating thickness has been 
obtained. However, in the illustrated embodiment of the 
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invention, the control apparatus includes a microprocessor 
250 (see Figure 11) having peripheral interface adaptors 
252, 25**, 256, and 258 connected with the various drive 
motors, the optical sensor assembly, display outputs and 
manual control inputs, and the spray gun 2k • Although 
the control circuitry connected with the X axis drive motor 
l6k has been shown in Figure 11, it should be understood 
that similar control circuitry is connected with the 
spray gun and sensor drive motors 110 and 205 and with 
the other drive motors in the workpiece drive assembly 
48, that is with the drive motors 168, l82, 190, and 196. 
Although the microprocessor 25O could have many different 
constructions, in one specific instance the microprocessor 
250 was a type M ^6800 microprocessor from Motorola 
Communications & Electronics, Inc. of Phoenix, Arizona. 

In order to simplify the control circuitry, zero 
reference stops are utilized with all of the various drive 
motors, including the X axis drive motor 164. Provision 
of zero reference stops allowed position encoders to be 
eliminated. Accordingly, a reference register was pro- 
vided for each motor in association with a digital com- 
parator and an up/down counter. 

For the purpose of making measurements, the 
optical sensor 28 was connected with an analog- to-digi tal 
convertor which was sampled by the microprocessor control 
system. The memory locations which constituted the 
first-in-first-out memory unit were also provided in the 
microprocessor. 

In accordance with a feature of the present in- 
vention, a printer 262 (see Figure 11) is provided in 
the control apparatus 32 to provide a printed record of 
the thickness of the covering applied to the airfoil. 
Thus, the sensor assembly 28 is utilized to detect the 
thickness of the covering applied to the airfoil 22 at 
a plurality of points on the airfoil. The printer 262 is. 
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utilized to record the thickness of the bond coat covering 
80 and. the thermal barrier coat covering 82 at each of a 
plurality of points on the airfoil 22. If a transition 
covering is utilized between the bond and thermal barrier 
^ coverings, the printer 262 would also r-ecord the thickness 
of the transition covering at each of a plurality of 
points on the airfoil. 

In accordance with another feature of the inven- 
tion, the control assembly 32 is effective to compensate 
3Q for any variations which may occur during the application 
of the various coverings to the airfoil 22. This is 
because the sensor assembly 28 is utilized during the 
operation of the apparatus 20 to detect any deviations 
which may occur in the thickness of the covering. The 
15 control assembly 32 is effective to regulate operation of 
the spray gun 2k to compensate for any deviation in the 
thickness of the covering. During normal operation of 
the apparatus 20 this results in zero defects. 
Method of Making an Airfoil 
20 I n the foregoing description, the apparatus 20 

has been described in connection with the application of 
bond covering 80 and a thermal barrier covering 82 of 
uniform thicknesses to an airfoil. However, it is con- 
templated that the apparatus 20 will be utilized to apply 
25 non-uniform coverings with the resulting construction of 

a three dimensional object having a configuration which has 
very little resemblance to the configuration of the work- 
piece upon which the non-uniform covering is deposited. 
In Figures 12 to l6 an example of an application of such a 
30 non-uniform covering to fabricate an airfoil is disclosed. 
However, it should be emphasized that a non-uniform cover- 
ing could be applied to any base capable of receiving the 
covering in order to provide for the build-up of material 
in su-Gh a manner as to form an object having any desired 
35 configuration. 
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In fabricating an airfoil in accordance wit)) the 
me thod - illustrated in Figures 12 to 16, a core 270 is 
provided. Although the core 270 does have a configuration 
which slightly resembles the configuration of an airfoil, 
it is contemplated that the core 270 could have any 
desired configuration. In the present instance the 
configuration of the core 270 was selected in order to 
provide internal passages of a desired configuration 
within the airfoil. 

The core 270 is covered with a plurality of non- 
uniform layers, which have been indicated at 27^ in 
Figure 13, to form the basic 'configuration of an airfoil. 
It should be noted that the layers 27^ were applied with 
the spray gun Zk by making more scans or passes across 
areas where the material is relatively thick than across 
areas where the material is relatively thin. Reference 
locations corresponding to the location of many different 
points on the surface of the core 270 were stored in the 
microprocessor before the non-uniform covering 27^ was 
applied . 

By detecting the shifts in the position of the 
core when the outer surface areas of the non-uniform 
covering 27^ overlying the various reference points were 
at the focal point of the lens 23^ (Figure 8), it is 
possible to determine the thickness of the non-uniform 
coating 2.7 k at many different points. By controlling the 
operation of the spray gun 24 in the manner previously 
explained, it is possible to accurately build up a non- 
uniform coating over the core 270. The thickness of the 
non-uniform coating will vary by less than plus or minus 
1.5 mils (0.0015 inch). 

Once the body of the airfoil has been built up 
by the non-uniform covering 27**, « thermal barrier cover- 
ing 278 is applied over the non-uniform covering 27 4 . 
The thermal barrier covering 278 is of a material which is 
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different than the material of the covering 27 'k and may 
be provided with a bond coat or covering, similar to the 
bond covering 80 of Fi S ure 2. 

Once the thermal barrier covering 278 has been 
applied to the non-uniform covering 27<i, the core or base 
270 is removed to provide an internal passage 282 in the 
airfoil 28*i (see Figure 15). The hollow airfoil 28^ is 
then subjected to hot isostatic pressing to increase the 
density of the airfoil 2&k and to eliminate any porosity 
which may be present in the non-uniform coating 27^. 

The core 270 can be made of any material which 
does not adversely react with the non-uniform covering 
27<l and which is easily removed as by being melted out 
or leached. With one particular type of airfoil, the 
core 270 could advantageously be made of aluminium. 
Summary 

In view of the for egoing description , it is app- 
arent that the present invention provides a new and impr- 
oved method and apparatus for applying a covering of either 
uniform or non-uniform thickness to a workpiece. When a 
non-uniform covering is applied to a workpiece, the 
resultant product will have a configuration which is 
different than the configuration of the workpiece to 
which the covering was applied. The workpiece to which 
the covering is applied can have many different construct- 
ions and may be formed of many different materials so 
long as the workpiece is capable of receiving the cover- 
ing. 

In one specific utilization of the invention, a 
covering 6k of a uniform thickness is accurately applied 
to an airfoil 22. In another specific utilization of the 
invention, an airfoil 28'* is formed on a workpiece or 
core 270 which is subsequently removed from the airfoil. 
It should be understood that it is contemplated that the 
present-invention could be utilized in association with 
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many different types of objects other than airfoils. 

An apparatus constructed in accordance with 
the present invention includes a spray gun 2^ which is 
utilized to direct a flow of material toward a work- 
piece, such as the airfoil 22. A sensor assembly 28 
is provided to determine the thickness of the covering Sk 
applied to the workpiece 22 without engaging the work- 
piece. A control assembly 32 is connected with the 
sensor assembly 28 and the spray gun 2k. The control 
assembly 32 is effective to compare the thickness of 
the covering of material which is actually applied to 
the workpiece 22 with a desired thickness and is effect- 
ive to regulate the operation of the spray gun 2k in 
such a manner as to effect the application to the work- 
piece of a covering having the desired thickness. 

Although it is contemplated that many different 
types of sensor assemblies 28 could be utilized in 
association with the plasma spray gun 2k to determine 
the thickness of the covering applied to the workpiece, 
an optical sensor assembly is advantageously utilized. 
The optical sensor assembly 28 is utilized to detect, when 
a surface area on either the workpiece or a covering is 
at the focal point of a lens 23^. This is accomplished 
by sensing changes in the light reflected from the surface 
area with changes in the distance between the sensor 
assembly 28 and the workpiece. 

During changes in the distance between the work- 
piece and the sensor assembly in one direction, the light 
reflected from the workpiece 22 back to a photosensor 226 
decreases as the distance between the sensor assembly and 
the surface area approaches a focal length distance 
(Figure 9). As this is occurring, the light reflected 
back to a light source 210 increases. Once the focal 
length distance is reached between the surface area and 
the senso'r assembly ^8, a minimum amount of light is 
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reflected back to the photosensor 226 (Figure 2) and a 
maximum amount of light is reflected back to the light 
source 210. Continued relative movement between the 
sensor assembly 28 and the vorkpiece 22 results in an 
5 increase in the amount of light reflected to the photo- 
sensor 226 and a resulting decrease in the amount of 
light reflected back to the light source 210. There- 
fore, it is possible to detect when the surface area 
and sensor assembly are spaced apart by the focal dis- 
10 tance by detecting when the amount of light reflected 
to the photosensor 226 stops decreasing and starts 

increasing . ^ 

By utilizing tne method and apparatus of the 
present invention, it is possible to control the opera- 

15 tion of the plasma spray gun 2*i to apply a covering 6^ 
which will have a thickness which is within 1.5 mils 
(0.0015 inch) of a desired thickness. The accurate 
application of the covering 6*i to the workpiece 22 is 
promoted by detecting the thickness of the covering at 

20 several different points on the workpiece and controlling 
the operation of the plasma spray gun 2k as a function 
of dxTferGncGs between the desired covering thickness and 
the actual covering thickness as sensed at several points 
on the workpiece. 

25 The application of a covering 6*i of the desired 

thickness to the workpiece 22 is further promoted by 
applying the covering in layers formed of longitudinally 
extending strips. The central axes of the strips in one 
layer may be offset from the central axes of the strip of 

30 a next adjacent layer for more precise control of overall 
thi ckn ess uniformity . 

When the covering is to be applied to a workpiece 
having a complex configuration, such as the airfoil 22, 
the accurate application of the covering is greatly 

35 promoted by utilizing a drive apparatus 36 having six 
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degrees of freedom of relative movement • Thus, an 
apparatus constructed in accordance with the present 
invention can effect relative movement between the airfoil 
and a spray gun along three different axes, In addition 
5 the apparatus can effect rotational movement between the 
airfoil and the spray gun about three axes,, that is, the 
X, Y, and Z axes. 
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Claims : 

1 „ Apparatus for ^applying a covering of material 

to at least a portxon of a workpiece, said apparatus 
comprising spray means for directing a flow of material 
toward the workpiece, sensor means for detecting the 
thickness of a covering of material applied to the 
workpiece by said spray means t and control means connected 
with said sensor means and said spray means for comparing 
the detected thickness of the covering of material with a 
desired thickness and for regulating the operation of 
said spray means as a function of the difference between 
the detected thickness of the covering and the desired 
thickness of the covering. 

2. An apparatus as set forth in claim 1 wherein 
said control means includes means for effecting relative 
movement between said spray means and the workpiece in 
such a manner as to effect the application to the work- 
piece of a covering having different thicknesses over 
different surface areas of the workpiece. 

3. An apparatus as set forth in claim 1 further 
including first means for effecting relative movement 
between said spray means and the workpiece along each of 
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three transversely extending axes and second means for 
effecting rotational movement between said spray means 
and the workpiece about each of three transversely extend- 
in g axes . 

l± m An apparatus as set forth in claim 1 wherein said 

control means includes means for effecting operation of 
said sensor means to detect the thickness of the covering 
in each of a plurality of predetermined locations on the 
workpiece, said control means including means for comparing 
the detected thickness of tlje covering at each of the 
plurality of locations with* the desired thickness of the 
covering at each of the locations and for regulating the 
operation of said\ spray means as a function of the differ- 
ence between the detected thickness of the covering at 
each of the plurality of locations and the desired thick- 
ness of the covering at each of the plurality of locations. 

5. An apparatus as set forth in claim 1 further 

including drive means for effecting relative movement 
between said sgtisot means and the workpiece to vary the 
distance therebetween, said sgtlsot- means including a light 
source, lens means for directing light from said light 
source against a surface area in such a manner as to cause 
the amount of light reflected from the surface area back 
to the light source to increase as the distance between 
said sensor means and the surface changes in a first 
direction from a first distance to a predetermined 
distance during operation of said drive means to change 
the distance between said sensor means and the workpiece 
and to cause the amount of light reflected from the 
surface area back to the light source to decrease as the 
distance between said sensor means and the surface area 
changes in the first direction from the predetermined 
distance to a second distance, said control means includ- ■ 
ing means for detecting when the amount of light reflected 
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back to the light source stops ij^cr easing and starts 
decreasing to thereby detect when said sensor means 
is spaced apart from the surface area by the predetermined 
di s t anc e . 

6. An apparatus as set forth in claim 5 wherein 

said control means includes means for effecting operation 
of said sensor means to direct light from said light 
source against a plurality of surface areas disposed in 
predetermined locations relative to the workpiece, said 
control means being effective to detect when the amount of 
light reflected back to t*ie light source from each of the 
plurality of surface areas stops increasing and starts 
decreasing. 

\ 

7- An apparatus as set forth in claim 1 further 

including drive means for moving said spray means relative 
to the workpiece along a first path during the application 
of the covering of material to the workpiece and for 
moving said sensor means relative to the workpiece along a 
second path which extends parallel to the first path 
during detection of the thickness of the covering of 
material applied to the workpiece. 

8. An apparatus as set forth in claim 1 further 

including means for supplying to said spray means powdered 
material having a first composition, means for supplying 
to said spray means powdered material having a second 
composition, said control means including means for 
effecting operation of said spray means to apply a first 
covering of the first composition over the workpiece, for 
effecting operation of said spray means to apply a 
transition covering which is a mixture of the first and 
second compositions over the first covering, and for 
effecting operation of said spray means to apply a second. 
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covering of the second composition over the transition 
covering. 

9. , An apparatus for use in accurately applying a 

covering of material to at least a portion of an airfoil, 
said apparatus comprising spray means for applying 
material to the airfoil, means for supplying material in a 
powdered form to said spray means, said spray means 
including means for heating the material and directing a 
flow of the heated material toward the airfoil, drive 
means for effecting relative^ movement between the airfoil 
and said spray means to enable the flow of heated material 
to be distributed over the surface of the airfoil to form 
a covering, sensor means for detecting the thickness of 
the covering applied to the airfoil to within less than 
O.OOO5 inch of the actual thickness of the covering, and 
control means connected with said spray means, drive means 
and sensor means for effecting operation of said spray 
means to apply to the airfoil a covering ha\ying a 
thickness which differs from a desired thickness by less 
than 0.0015 inch. 



IO. A method of applying a covering of a desired 

thickness to at least a portion of a workpiece, said 
method comprising the steps of applying to the workpiece 
an initial covering having a thickness which is less than 
the desired thickness by operating a spray means to direct 
a flow of material toward the workpiece, determining the 
thickness of the initial covering, comparing the thickness 
of the initial covering with the desired covering thickness 
to determine the difference between thickness of the 
initial covering and the desired covering thickness, 
and increasing the thickness of the covering to the 
desired thickness by operating the spray means to direct a 
flow of material toward the initial covering. 
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11. A method as set forth in claim 10 further 
including the steps of effecting relative movement between 
the spray means and the workpiece along each of three 
transversely extending axes and effecting rotational 
movement between the spray means and the workpiece about 
each of three transversely extending axes to thereby vary 
the spatial relationship between the spray means and the 
workpiece . 

12. A method as set forth in claim 10 wherein said 
step of determining the thickness of the initial covering 
includes the steps of providing a source of light, 
directing light from the light source against a surface 
area of the initial covering with a lens , reflecting light 
from the surface area to a photosensor, decreasing the 
amount of light reflected back to the photosensor by 
effecting relative movement between the lens and the 
surface area of the initial covering in one direction, 
subsequently increasing the amount of light reflected back 
to the photosensor by continuing to effect relative 
movement between the lens and the surface area of the 
initial covering in the one direction and detecting when 
the lens is spaced apart from the surface area of the 
initial covering by a predetermined distance by detecting 
when the amount of light reflected back to the photosensor 
stops decreasing and starts increasing as the distance 
between the lens and the surface area of the initial 
covering is changed in the one direction. 

13- A method as set forth in claim 10 wherein said 

step of applying an initial covering to the workpiece 
includes the steps of applying a plurality of layers of 
material to the workpiece to form the initial covering, 
said steps of applying a plurality of layers of material 
to the workpiece including the steps of applying one of 
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the layers in strips and applying the next succeeding 
layer in strips having longitudinal axes which are offset 
from longitudinal axes of the strips of the one layer. 

14. A method as set forth in claim 1 0 wherein said 

step of operating a spray means includes the steps of 
supplying material in a powdered form to said spray means v 
heating the material, and directing a flow of the heated 
material toward the workpiece. 

15- A method as set forth in claim 1 At wherein the 

workpiece has an internal passage and the method further 
includes the step of inducing a flow of fluid through the 
internal passage while directing the flow of heated 
material toward the workpiece. 

l6. A method as set forth in claim 10 wherein said 

step of determining the thickness of the initial covering 
includes the step of utilizing electrical energy from a 
source of electrical energy to detect the thickness of the 
initial covering without engaging the initial covering. 

17* A method of applying a covering of material over 

at least a portion of an airfoil, said method comprising 
the steps of providing an airfoil and operating a spray, 
means to apply to the airfoil a covering having a 
thickness which differs from a desired thickness by less 
than 0.0015 inch, said step of operating a spray means 
includes the steps of supplying material in powdered 
form to the spray means, heating the material, and 
directing a flow of the heated material toward the airfoil. 

18. A method as set forth in claim 17 further 

including the steps of effecting relative movement between 
the spray means and the airfoil along each of three 
transversely ex t&m&lng axes and effecting rotational 
movement between the spr&y Msa.ns ar-d the airfoil about 
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each oT three transversely extending axes to thereby vary 
the spatial relationship between the spray means and the 
airfoil . 

1-9- A method of determining the location of a 

surface, said method comprising the steps of providing a 
source of light, directing light from the light source 
against the surface with a lens, reflecting light from 
the surface back to the light source, increasing the amount 
of light reflected back to the light source by varying the 
distance between the lens and the surface in a first 
direction, subsequently^ decreasing the amount of light 
reflected back to the light source by continuing varying 
the distance between the lens and the surface in the first 
direction, and detecting when the lens is spaced apart 
from the surface by a predetermined distance by detecting 
when the amount of light reflected back to the light 
source stops increasing and starts decreasing. 

20. An airfoil comprising a root end portion, a tip 
end portion, a pair of edge portions extending between 
said tip and root end portions , a pair of major side 
portions extending between said edge portions, at least 
one of said portions having a sprayed covering thereon, 
said covering. including a plurality of layers formed of 
strips which were sequentially sprayed on at least the one 
portion of the airfoil, said covering as sprayed having a 
thickness which varies by an amount which is less than 
0.003 of an inch. 

21. A method of applying a covering over at least a 
portion of a workpiece, said method comprising the steps 
of holding the workpiece with a gripper means, providing a 
spray means which is selectively operable to direct a flow 
of material having either a first composition or a second 
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position toward the workpiecc while it is held by 
said gripper means, operating the spray means to direct 
a flow of material having the first composition toward 
the workpiece to form over at least a portion of the 
workpiece an initial covering having a thickness which 
is less than a first predetermined thickness and is 
formed of material having the first composition while 
the workpiece is held by said gripper means, detecting 
the thickness of the initial covering while holding the 
workpiece with said gripper means, operating the spray 
means to increase the thickness of the initial covering 
of material having the f irst/composit ion to the first 
predetermined thickness while holding the workpiece 
with the gripper means, operating the spray means to 
direct a flow of material having the second composition 
toward the workpiece to form over at least a portion of 
the initial covering a second covering having a thickness 
which is less than a second predetermined thickness and 
is formed of material having the second composition while 
the workpiece is held by the gripper means, detecting 
the thickness of the second covering while holding the 
workpiece with the gripper means, and operating the 
spray means to increase the thickness of the second 
covering of material having the second composition to 
the second predetermined thickness while holding the 
workpiece with the gripper means. 

22. An apparatus for use in applying a covering of 

material to at least a portion of a workpiece, said 
apparatus comprising gripper means for holding the work- 
piece, spray means for directing a fl&w of material to- 
ward the workpiece while it is hel*i by said gripper means, 
drive means for effecting relative movement between said 
spray means and said gripper means, sensor means for 
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detecting the location of a point on the surface of a 
covering of material applied to the workpiece by said 
spray means while the workpiece is held by said grippcr 
means, and control means connected with said spray means, 
drive means, and sensor means for effecting operation of 
said spray means to apply to the workpiece a covering 
having a point on its outer surface which is disposed 
in a predetermined location relative to the workpiece. 

23. Aji apparatus comprising a source of light, lens 

means for directing light from the source of light 
against a surface and f or^ directing light reflected from 
the surface back to said '"source of light, drive means 
for varying the distance between said lens means and 
the surface in a first direction to first increase the 
amount of light reflected back to said source of light 
and to subsequently decrease the amount of light reflect- 
ed back to said source of light from the surface, and 
means, for detecting when the amount of light reflected 
back to said light source stops increasing and starts 
decreasing as the distance between said lens means and 
the surface is varied in the first direction to detect 
when said lens means is spaced apart from the surface 
by a predetermined distance. 

2k. An apparatus as set forth in claim 23 wherein 

said means for detecting when the amount of light re- 
flected back to said light source stops increasing and 
starts decreasing includes means for storxn^ data cor- 
responding to the amount of light reflected back to the 
light source at each of a plurality of distances bet- 
ween said lens means and the surface, means for compar- 
ing the stored data for a plurality of distances, and 
means for determining when the stored data indicates that 



0007207 



- 10 - 



the light reflected back to said source of light stops 
increasing and starts decreasing. 
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